The multidimensional channel capacity studies indicate that the employment of multiple photon degrees of freedom-such as subcarrier, amplitude, phase, polarization, and space-can improve the spectral efficiency by several orders of magnitude higher than that claimed in any fiber-optic experiment reported to date. This dramatic increase in spectral efficiency through multiple photon degrees of freedom can provide revolutionary capabilities for future optical networks. Moreover, photons can carry both spin angular momentum (SAM) associated with polarization, and orbital angular momentum (OAM) associated with the azimuthal phase of the complex electric field. Because OAM eigenstates are orthogonal, an arbitrary number of bits per photon can be transmitted in principle. The ability to generate the OAM modes, such as Bessel modes, in multimode fibers (MMFs) will allow realization of fiber-optic communication networks with ultra-high bits-per-photon efficiencies. To this end, we propose here a spatial-domain-based multidimensional coded-modulation scheme as an enabling technology for multi-Tb/s serial optical transport. To demonstrate the capabilities of the proposed scheme, we show that an eight-dimensional (8D) spatial-domain-based coded modulation scheme outperforms a priorart 128-point 4D scheme by 3.88 dB at BER of 10 8 while providing 120 Gb/s higher aggregate information bit rate. The proposed 8D scheme also outperforms its conventional polarization-multiplexed QAM counterpart by even a larger, and indeed striking, margin of 8.39 dB (also at the BER of 10 8 ). 
Introduction
The time that we live, also known as the information era, is closely related to the Internet technology and characterized by never-ending demands for higher information capacity and distance-independent connectivity [1] . Despite the so-called -the Internet bubble‖ in the equity market, the Internet traffic has continued its rapid growth. Some new multimedia applications have emerged, increasing the demand for higher bandwidths. CISCO's projection of the Internet traffic growth shows an exponential dependence from 2002 to 2012 [2] . This exponential growth places an enormous pressure on the underlying information infrastructure at every level, from the core to access networks. The IP backbones have grown so quickly that some large Internet service providers have already reported router-to-router trunk connectivity exceeding 100 Gb/s in 2007 [2] . Hence, some industry experts believe that the 100 Gb/s Ethernet (100 GbE) standard adopted recently (IEEE 802.3ba) [3] came too late and that 1 Tb/s Ethernet (1 TbE) standard should be available by 2013 [4] .
The multidimensional coded-modulation studies conducted in our recent publications [5] [6] [7] indicate that employment of multiple photon degrees of freedom-such as frequency, amplitude, phase, and polarization-can improve the photon efficiency by several orders of magnitude higher than that claimed in any fiber-optic experiment reported to date. This dramatic increase in photon efficiency through multiple photon degrees of freedom will provide revolutionary capabilities for future optical networks. Furthermore, it is well-known that photons can carry both spin angular momentum (SAM) and orbital angular momentum (OAM). SAM is associated with polarization, given by ,  where 1
  for circular polarization (and where ћ is the reduced Planck constant). OAM is associated with the azimuthal phase of the complex electric field [8] [9] [10] . Each photon with azimuthal phase dependence of the form exp( ) jm ( 0, 1, 2, ) m    can carry an OAM of . m We can associate with each photon a total angular momentum (TAM) given by the sum of SAM and OAM, whose eigenvalues are given by , i where .
im   Because OAM eigenstates are orthogonal, an arbitrary number of bits per photon can be transmitted in principle. We should note that until recently, the use of OAM modes for multiplexing and modulation has been studied only for free-space optical communication. Their use in optical fiber communications is yet to be unearthed. We believe that this paper is an important step toward this goal.
In [13] [14] [15] [16] [17] [18] [19] [20] [21] , it was shown that OAM modes can be successfully excited in multimode fibers (MMFs). However, MMFs have been traditionally considered as viable mediums of transmission for only short-reach optical communication applications [11] . On the other hand, as shown by Shieh's group [12], a 21.4 Gb/s polarization-multiplexed coherent OFDM transmission over 200 km can be achieved by employing the central MMF mode only. When we compare the traditional [11] and few mode approaches [12, [19] [20] [21] , we see that with few mode approaches the reach and the aggregate data rate can be improved. Another approach for improving the aggregate data rate is spatial-domain multiplexing in combination with multicore fibers [22, 23] . Notice that various approaches discussed in [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] are related to mode-multiplexing/spatial-domain-multiplexing.
As aforementioned, OAM eigenstates are orthogonal, and can be used as basis functions for multidimensional modulation schemes. Consequently, by using OAM modes, we cannot only achieve dramatic improvements in photon efficiency but also extend the reach since we reduce intermodal dispersion by exploiting the orthogonality between the OAM modes. In addition, by employing multidimensional signal constellations, compared to traditional twodimensional signal constellations, we can increase the Euclidean distance among constellation points for the same symbol energy improving overall performance and system reach. Taking into account the following additional advantages of MMFs over SMFs, such an approach would lead to revolutionary capabilities in future optical communication networks. When compared to SMFs, MMFs offer (i) easier installation, maintenance and handling, which leads to lower-cost systems; (ii) larger effective cross-sectional area, which increases the immunity to fiber nonlinearities; and (iii) many modes for transmission, which improves the spectral efficiency when an MMF is treated as a multiple-input multiple-output (MIMO) channel in a similar methodology used in wireless communications. In this paper, we propose a technology that can exploit the advantages mentioned above. Specifically, in order to enable ultra-high-speed fiber-optic communication with multi-Tb/s serial data rates, we propose a multidimensional coded modulation scheme featuring 21 L  OAM modes { , , 3, 1, 1, 3, , }. LL    To demonstrate the capabilities of the proposed scheme, we show via Monte Carlo simulations that an eight-dimensional (8D) spatial-domain-based coded modulation scheme outperforms its corresponding prior-art 4D counterpart presented in [7] by 3.88 dB at the bit error rate (BER) of 10 8 while outperforming its corresponding conventional polarization-multiplexed QAM counterpart by even a larger margin of 8.39 dB (also at the BER of 10 8 ).
The remainder of the paper is organized as follows. In Section 2, we briefly discuss the principles of spatial-domain modulation and multiplexing. In Section 3, we describe the proposed MMF based optical network for multi-Tb/s serial optical transport, identify its key optical components, and describe how these components can be implemented. The proposed spatial-domain-based low-density parity-check (LDPC)-coded modulation scheme is then described in Section 4. We present our numerical results and discuss their significance in Section 5. Finally, some important concluding remarks are given in Section 6.
Principles of spatial-domain modulation and multiplexing
As we mentioned in the Introduction, photons can carry both SAM and OAM. SAM is associated with polarization while OAM is associated with the azimuthal phase of the complex electric field. The angular momentum, L, of the classical electromagnetic field can be written as [29]   ,,
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where E is the electric field intensity, A is the vector potential, and c is the speed of light. A is related to the magnetic field intensity H by ,   HA and to the electric field intensity E by
The second term in Eq. (1) is identified as the OAM due to the presence of the angular momentum operator .
 r
Among various optical beams that can carry OAM, Laguerre-Gaussian (LG), vortex and Bessel beams stand out since they can be easily implemented. For example, the field distribution of an LG beam traveling along the z-axis can be expressed in cylindrical coordinates 
.
Therefore, different OAM -states‖ corresponding to a fixed p are all orthogonal with one another, and hence, they can be used as basis functions for OAM modulation.
Another important concept is spatial-domain multiplexing. Spatial-domain multiplexing in MMFs relies on skew rays or helical rays that spiral around the fiber's axis as they propagate along the fiber. Light following a helical path forms an optical vortex. The topological charge of the vortex depends on the number of complete turns around the axis in one wavelength. In other words, the integration of the phase around a closed path yields an integer multiple of 2.  Thus we can deduce that skew rays possess an orbital angular momentum. (5) is the same as that of the LG modes, indicating that skew rays indeed possess an OAM.
In addition, both for multiplexing and modulation, in step-index fibers, the general solution of electric field along the z-axis is given by [32]      
where a is a core radius and J m (x) is the Bessel function of the first kind and order m. Similarly as in Eq. (5), the azimuthal dependence exp( ) jm indicates that Bessel modes given by Eq. (6) 
Spatial-mode-supported network and spatial-mode-compatible optical devices
The goal of our proposed approach is to increase the photon efficiency by increasing the number of degrees of freedom. Our reasoning stems from the Shannon's capacity formula. Shannon's theory establishes that the information capacity is given by  is the variance of the noise. Therefore, the information capacity is a logarithmic function of the signal-to-noise ratio (SNR) and a linear function of the number of dimensions N. The channel capacity formula indicates that the photon efficiency can be dramatically improved by increasing the number of dimensions, which we propose to achieve using OAM basis functions introduced in Section 2. The total aggregate data rate can also be significantly increased as long as the orthogonality among OAM basis functions is preserved. Some initial results for free-space optical channel have been provided by the authors recently [8] ; however, the use of OAM modes in MMF links as multidimensional basis functions is a new research topic, which is addressed here for the first time.
MMFs are traditionally considered as mediums for short-reach applications. However, the recent experiment [11] , in which 21.4 Gb/s polarization-multiplexed coherent OFDM transmission over 200 km of MMF has been demonstrated, indicates that MMFs can be used for metro and medium-haul applications, as well. Today's MMFs are however far away from being a medium suitable for long-haul transmission. The main issues are related to high loss and to the use of an excessive number of modes that overwhelms the computational capabilities of currently existing silicon chips. Cvijetic [26, 27] . By using a similar methodology, it is possible to develop the optimum index profile that can support N spatial modes with low dispersion.
The conceptual diagram of an MMF-based optical network is shown in Fig. 1(a) . We can identify several critical devices to be developed in the foreseeable future. The most important MMF network devices are: MMF multiplexers/demultiplexers, MMF amplifiers, and MMF optical add-drop multiplexers. The current passive devices in optical fiber networks are single-mode based and are highly wavelength dependent, and will not work as desired when a multimode signal is present. A possible solution for a spatial-mode scenario is illustrated in Fig. 1(b) . The spatial-mode signal is first split using a mode-demultiplexer, and then each mode is processed by the corresponding SMF component, and finally, the resulting SMF signals are combined using a mode-multiplexer. The optical amplifier is probably the most critical component here, and it can be implemented as illustrated in Fig. 1(c) . The weak spatial-mode signal and the corresponding pump signals are combined together by using a combiner implementing spatial-mode wavelength division multiplexing (WDM). To avoid the mode-dependent gain problem, the pumps should be independently adjusted so that different spatial-modes have the same output power level.
The operating principle for spatial-domain-based modulation is illustrated in Fig. 2(a) . The N-dimensional OAM-based transmitter depicted in Fig. 1(a) is built upon this principle. First, a continuous wave laser diode signal is split into N branches by using a power splitter (1:N star coupler) to feed N electro-optic modulators (EO MODs), such as Mach-Zehnder modulators (MZMs) or I/Q-modulators (I/Q-MODs), each corresponding to one of the N OAM modes. As shown in Fig. 2(a) , the other input to the ith EO MOD, 1, iN  is the ith coordinate of the signal to be modulated. For example, if an N-dimensional signal constellation is used, each EO MOD receives a real-valued number at its input. Thus, an MZM suffices for modulation. On the other hand, one can employ a 2N-dimensional signal constellation and feed the resulting 2N coordinate values as N complex numbers, each containing two coordinates, into the EO MODs. In this case, I/Q-MODs can be used for modulation, and hence, we can refer to each I/Q-MOD as a 2D modulator. We depict in Fig. 2(b) the infrastructure of an EO MOD featuring an I/Q-MOD. As a final option for EO MODs, we should add 4D modulators, which were discussed in detail in our previous papers [5, 7] . In this case, in addition to N OAM modes and two quadratures (I and Q), we propose using two orthogonal SAM modes so that the signal constellation can be defined over a 4N-dimensional signal space. We refer interested readers to [5, 7] for implementation details on a 4D modulator. The scenarios discussed above for spatial-domain-based modulation concerns long-haul applications. For medium-haul and short-haul applications, the N-dimensional direct detection version should result in satisfactory performance. Following the EO MODs is the mode-multiplexer. As depicted in Fig. 2(a) , N independent electrical data streams at the outputs of N EO MODs are fed into the mode-multiplexer, which is implemented by using N waveguides and taper-core fiber. The tapper core fiber should be properly designed so that orthogonal OAM modes are excited in MMF. At the end of the MMF link, the corresponding signal is mode-demultiplexed. The mode-demultiplexer can be implemented in a similar fashion to the mode-multiplexer. Such an implementation requires the use of the orthogonal demultiplexed modes as inputs to the corresponding set of N photodetectors. Instead of using N different photodetectors for different modes, it is possible to fabricate a donut-shaped photodetector [13-18], which is able to simultaneously detect all separate OAM modes of interest. There are many open problems that remain to be solved before mode-multiplexed and polarization-multiplexed, coded, multiband optical system enabling multi-Tb/s optical transport becomes a reality. These pertain to: (i) the fabrication of MMFs with low attenuation and optimum profile index, enabling zero multimode dispersion, (ii) the development of both passive and active MMF devices discussed above, (iii) the analysis of the nonlinear interaction among different modes from both polarizations, and (iv) the development of efficient modulation and coding schemes enabling multi-Tb/s optical transport over MMFs. In the next section, we describe our proposed coded-modulation scheme for an MMF-supported multi-Tb/s optical transport.
Spatial-domain-based multidimensional LDPC-coded modulation
We introduced spatial-domain modulation principles in Section 3. In this section, we provide a detailed treatment on our proposed spatial-domain-based multidimensional LDPC-coded modulation approach to enable multi-Tb/s optical transport. The proposed approach employs N OAM modes for modulation; however, the signal space can be N-, or 2N-, or even 4N-dimensional, as mentioned in the previous section. Here, without loss of generality, we describe the N-dimensional modulation case, and hence the corresponding signal constellation coordinates are real-number-valued and the EO MODs in Fig. 2(a) are simply MZMs.
By increasing the number of dimensions, i.e., the number of orthogonal OAM basis functions, N, we can increase the aggregate data rate of the system while ensuring reliable transmission at these ultra-high speeds using capacity-approaching low-density parity-check (LDPC) codes [31] at each level. Apart from increasing the aggregate data rate, an Ndimensional ( 2) N  space when compared to the conventional two-dimensional (2D) space can provide larger Euclidean distances between signal constellation points, resulting in better BER performance. The overall system configuration and the transmitter configuration are depicted in Fig. 3 . As shown in Fig. 3(b) , K independent bit streams coming from different information sources are first encoded using binary LDPC codes, which do not have to be identical codes. The outputs of the encoders are then interleaved by a () Kn  block interleaver. The block interleaver accepts data from the encoders row-wise, and outputs the data column-wise to the mapper that accepts K bits at the time instance i. The mapper determines the corresponding Q-ary signal constellation point, where
and M is the number of amplitude levels per dimension, using
where the set 12 { , , , } N Φ Φ Φ represents the set of N orthonormal OAM basis functions, and N C stands for a normalization factor. Each coordinate of the N-dimensional mapper output is passed as the RF input to one of the N MZMs integrated on the same chip. Finally, the modulated signals are sent over the MMF system of interest after being combined into an optical wave via a mode-multiplexer, which was discussed in Fig. 2(a) .
The number of bits per signal constellation point is determined by 2 log Q  2 log ( ) .
N MK 
The dimensionality, N, and number of amplitude levels per dimension, M, can be adjusted according to the desired final rate. To achieve an aggregate information bit rate of 4 Tb/s, for example, we can use the proposed scheme with polarization multiplexing and carry on each polarization 2 Tb/s information stream. The conceptual diagram for 4 TbE based on the proposed scheme is presented in Fig. 3(c) . As shown in the figure, the baseband can originate from a 40 GbE line. However, 10 Gb/s baseband can also be used, and in this case, we have to perform 4:1 RF multiplexing. This RF layer is optional and hence it is not shown in Fig. 3(c) . Having 40 Gb/s baseband traffic, we can set 4 M  and 5 N  to achieve an aggregate information bit rate of 400 Gb/s after mode-multiplexing, i.e. at the spatialdomain layer. The third layer in Fig. 3(c) , which we refer to as the photonic layer, is implemented by combining the signals from five frequency locked lasers into a 2 Tb/s serial optical transport signal. Finally, polarization-multiplexing is achieved to couple the 4 Tb/s optical signal into the fiber. In general terms, the proposed scheme using N OAM modes and M amplitude levels in each one of the N dimensions of the signal constellation attains an aggregate bit rate of 
where the factor of 2 stems from polarization-multiplexing, and where r is the code rate, which is assumed to be equal for LDPC codes at each level, s R is the symbol rate, and i R is the information symbol rate. As far as the implementation is concerned, the RF layer, which is used to perform RF multiplexing, can quite readily be implemented in mixed-circuit CMOS ASICs. The implementation of the spatial-domain layer comprised of modulators and modemultiplexer was already discussed in Section 3 above. The photonics layer, on the other hand, can be implemented using photonic integrated circuit (PIC) technology, either in InP [28] or in Si [34] . Namely, all photonic building blocks can be implemented in silicon photonics, except for lasers that must be flip-chip bonded on top of the silicon die, and germanium photodetectors that should be placed on top of the silicon waveguides.
The receiver configurations for direct detection and coherent detection are depicted as in Figs. 4(a) and 4(b) , respectively. To help ease in the comprehension of ideas, the simplest spatial-domain-based coded modulation scheme with direct detection can be described by the following set of constellation points for 3,3,1), (3,3,3 )}, with signal constellation points' coordinates being the amplitude levels. These modulation formats can be straightforwardly extended to higher dimensions. Returning back to the receiver configurations depicted in Fig. 4 , we observe that the outputs of the N branches of the mode-detector, implemented as already discussed in Section 3 above, are sampled at the symbol rate and the corresponding samples are forwarded to an a posteriori probability (APP) demapper. The demapper provides the symbol log-likelihood ratios (LLRs), which are used by the bit LLR calculation block to compute bit LLRs required for iterative decoding in binary LDPC decoders. To improve the overall system performance, we iterate extrinsic information between LDPC decoders and APP demapper until convergence or until a predetermined number of iterations has been reached. Finally, the outputs of the K binary LDPC decoders are provided to the user as the estimates of the K information streams sent by the transmitter.
From the description of the transmitter and the receiver setups, it is clear that the system is scalable to any number of dimensions with small penalty in terms of BER performance, as long as the orthonormality between OAM states is preserved. The orthogonality among OAM modes in realistic multimode or multicore fibers can be re-established by various MIMO and equalization techniques. It is important to notice that increasing the number of dimensions leads to an increased complexity, and hence, a compromise between the desired aggregate rate and the complexity of the system should be made in practice.
Performance analysis
We evaluate the BER performance of the proposed spatial-domain-based multidimensional LDPC-coded modulation and compare it against the performance of the corresponding coded polarization-multiplexed quadrature amplitude modulation (QAM) scheme and to that of the corresponding 4D coded modulation scheme that we proposed in [7] . We performed Monte Carlo simulations for the amplified spontaneous emission (ASE) noise scenario for 3 APP demapper-LDPC decoder iterations and 25 LDPC decoder inner iterations. Results of simulations are presented in Fig. 5 From Fig. 5 , we observe that spatial-domain-based LDPC(16935,13550)-coded 8D modulation outperforms a 128-point 4D modulation by 3.88 dB at BER of 10 8 while achieving 120 Gb/s higher aggregate information bit rate as the latter scheme achieves only 7 50 0.8 280 Gb/s    of aggregate information bit rate. Compared to the corresponding polarization-multiplexed 32-QAM scheme, which achieves the same aggregate information bit rate ( 2 5 50 0.8 400 Gb/s     ), the proposed scheme provides a striking additional coding gain of 8.39 dB at the BER of 10 8 . As we stated above, doubling the number of dimensions from 8 to 16 doubles the aggregate information bit rate, and as we can conclude from Fig. 5 , it results no distinguishable degradation in BER performance if orthogonality between dimensions is preserved. Our final comparison pertains to the effect of the component LDPC codes chosen for error correction. Until now, we discussed schemes which employ at each level LDPC(16935,13550) code, which is a rate-0.8 code of column weight 3. If, instead, we use LDPC(8547,6922) code of the same rate but of column weight 4 and of length 8547, which is nearly half the length of LDPC (16935,13550) code, then we observe from 
Concluding remarks and future work
Inspired by high potential of multidimensional signal constellations [5] [6] [7] [8] and recent demonstrations [13] [14] [15] [16] [17] [18] [19] [20] [21] in which OAM modes are successfully excited in MMFs, we proposed the use of spatial-domain-based coded multidimensional modulation as an enabling technology for multi-Tb/s serial optical transport. We demonstrated by simulations that 8D spatial-domain-based coded modulation scheme outperforms a 4D coded-modulation scheme by 3.88 dB at the BER of 10 8 while providing 120 Gb/s higher aggregate information bit rate. We also showed that the proposed scheme outperforms the corresponding conventional polarization-multiplexed coded-QAM scheme by even a larger, and indeed striking, margin of 8.39 dB at the BER of 10 8 . We also described the MMF based optical network, identified its key optical components, such as mode-multiplexer and mode-demultiplexer, MMF amplifier, MMF optical add-drop multiplexer, and mode-detector. Furthermore, we discussed how they can be implemented. We also described how the proposed scheme can be used for multi-Tb/s serial optical transport by using the example 4 TbE based on the proposed scheme.
For the future work, interesting research problems would include: (i) integration of the power combiner, a series of EO MODs and the mode-multiplexer shown in Fig. 2(a) into a single chip; and (ii) for N-dimensional direct detection scheme, integration of modedemultiplexer and a series of photodetectors or alternatively the donut-based photodetector into a single chip.
